Two potential strategies for chemically patterning alkyne-terminated self-assembled monolayers (SAMs) on oxide-free silicon or silicon-on-sapphire (SOS) substrates were investigated and compared. The patterned surfaces were validated using a light-addressable potentiometric sensor (LAPS) for the first time. The first strategy involved an integration of photolithography with "click" chemistry. Detailed surface characterization (i.e. water contact angle, ellipsometry, AFM and XPS) and LAPS measurements showed that photoresist processing not only decreases the coverage of organic monolayers, but also introduces chemically bonded contaminants on the surfaces, thus significantly reducing the quality of the SAMs and the utility of "click" surface modification. The formation of chemical contaminants in photolithography was also observed on carboxylic acid and alkyl terminated monolayers using LAPS. In contrast, a second approach combined microcontact printing (µCP) with "click" chemistry, that is, azide (azido-oligo(ethylene glycol) (OEG)-NH 2 ) inks were printed on alkyne-terminated SAMs on silicon or SOS through PDMS stamps. The surface characterization results for the sample printed with a flat featureless PDMS stamp 2 demonstrated a non-destructive and efficient method of µCP to perform "click" reactions on alkyne terminated, oxide-free silicon surfaces for the first time. For the sample printed with a featured PDMS stamp, LAPS imaging showed a good agreement with the pattern of the PDMS stamp, indicating the successful chemical patterning on non-oxide silicon and SOS substrates and the capability of LAPS to image the molecular patterns with high sensitivity.
Introduction
The patterning of chemical and biochemical molecules on silicon surfaces has become an important feature in label-free biosensing and cell tissue engineering applications [1] [2] . Selfassembled monolayers (SAMs), as ultrathin resists on silicon surfaces, provide an effective platform for such chemical patterning. A variety of techniques have been developed for the formation of patterned SAMs on silicon [3] [4] [5] . The most popular methods are photolithography and microcontact printing (µCP), which have both been used to fabricate patterns with various molecules [6] [7] [8] [9] [10] [11] or biological components (i.e. DNA [12] [13] [14] [15] [16] and peptides [17] [18] [19] [20] ).
The concept of "click" chemistry was first described by Sharpless' group in 2001 21 and covered a wide range of chemical reactions. An ideal "click" reaction occurs under very mild conditions with high yield and with minimal by-products. Without doubt, the most welldocumented reaction within the suite of "click" reactions is the copper(I)-catalyzed azide alkyne cycloaddition (CuAAC) reaction. Recently, the CuAAC reaction has been frequently applied to the surface modification of silicon [22] [23] [24] and allows engineering the architecture and function of materials in an efficient and modular way. Therefore, through the combination of "click" chemistry and patterning techniques, chemically patterned silicon surfaces can be readily fabricated. In many cases, organic monolayers on silicon have been patterned by selective removal of parts of the monolayer by exposure to an electron beam 25 , UV 26 or visible light 27 using the monolayer as resist or by light induced deposition on silicon surfaces 28 . In many biosensing or electronic device applications, a perfectly passivating monolayer is required, in which case patterning by photolithography employing a commercial photoresist would be desirable. However, as a result of the high solubility of positive photoresist in most organic solvents, the combined technique of "click" chemistry and photolithography could only be carried out in aqueous solutions, which may limit the application of this method. Zhu et al. have reported a strategy for chemically patterning 1, 8-nonadiyne monolayer modified porous silicon with two different species (-OEG-OCH 3 and -OEG-OH) using photolithography with a positive photoresist followed by a surface modification using "click" chemistry [6] [7] . Initially, a metal film was pre-coated on the 1, 8-nonadiyne monolayer modified surface in order to exclude the photoresist from the silicon pores, although, the metal film was found to have an adverse effect on the efficiency of the "click" reaction and the metal layer was consequently eliminated 7 . To the best of our knowledge, there have been no reports on the effects of photoresist exposure and development on the integrity of SAMs on silicon substrates and the efficacy of their further chemical modification. As an alternative strategy, Ravoo and Reihoudt have elegantly demonstrated that a "click" reaction can be also performed via µCP within a short reaction time, thus providing a straightforward way for the fabrication of biomolecular microarrays on silicon 9, 14, 29 . A siloxane monolayer (Si-O-Si-R) was used as the platform for patterning, however, it was reported that this monolayer was inherently unstable and prone to hydrolytic cleavage in electrolyte solutions 30 . This resulted in an additional silicon dioxide layer which adversely affects the sensitivity of silicon based bioelectronics devices and biosensors 31 . Thus, if this method is to find utility in the fabrication of chemical patterns on oxide-free silicon surfaces in these applications, it is essential to eliminate the intervening layer of silicon dioxide 30 . Kehr et al. have shown that a "click" reaction via µCP is also applicable on SAMs of nanoparticles, providing a strategy for cell adhesion and cellular patterning 32 .
Light-addressable potentiometric sensors (LAPS), which are based on an electrolyte/insulator/silicon (EIS) field-effect structure, can record both surface potentials and impedance with spatial resolution [33] [34] . They have been widely used as both biochemical sensors [35] [36] [37] and cell-based biosensors [38] [39] [40] [41] [42] . We have recently demonstrated that SAMs can be used as the insulator in LAPS measurements and that this significantly improves the sensitivity of LAPS compared to a traditional silicon dioxide insulator 33 . High-resolution LAPS imaging with SAM modified silicon-on-sapphire (SOS) substrates was validated using micropatterns of polyelectrolyte/DNA that were physically adsorbed on the sensor surface 33 .
As a result of these recent advances, we wished to exploit the chemical patterning strategy on SAM modified oxide-free silicon surfaces in order to image cell-surface interactions on patterned surfaces using LAPS. 1, 8-Nonadiyne, which is commercially available, has been used extensively for the formation of high-quality monolayers on oxide-free silicon 6-7, 23, 43-46 .
The resultant alkyne-terminated surface provides an ideal platform for copper catalyzed azide-alkyne cycloadditions (CuAAC) "click" functionalization 6-7, 23, 43-46 , which attracted us to apply it in patterning of a non-oxidized Si/SOS surface. Herein we report a comparison of the chemical patterning methods of photolithography and µCP on non-oxidized silicon surfaces integrated with "click" chemistry together with LAPS imaging to validate the molecular patterning. The alkyne-terminated surface was further functionalized trough a typical "click" procedure (surface 2, Scheme 1a). The substrate was transferred into a vessel containing the "click"
Experimental section
solution of the azido-OEG-NH 2 (15 mM, ethanol/water 2:1), copper(II) sulfate pentahydrate (1.1 mol % relative to the azide), sodium ascorbate (10 mol % relative to the azide) and TMEDA (0.45 mM). The reaction was carried out in the dark at room temperature for 24 h. The unreacted reagents were removed by rinsing the substrate consecutively with copious amounts of ethanol, water and ethanol. Then the sample was placed in a 0.5 M hydrochloric acid solution for 2 min to remove the residual copper 44 . Finally it was washed with copious amounts of water and ethanol.
Photolithography on 1, 8-nonadiyne monolayer modified surface and "click"
reaction. S1818 patterns were formed on surface 1 with an optimized photolithography process. First, S1818 was spin-coated onto a 1, 8-nonadiyne modified substrate at 500 rpm for 5 s and then 5000 rpm for 60 s. After spin-coating, the film was baked at 95 °C for 15 min on a hot plate. Then it was exposed to UV light for 20 s through a mask (Scheme 1b, route ii) or was exposed over the entire surface (Scheme 1b, route iii) using a KARL SUSS MJB3 UV400 mask aligner. The substrate was then developed in diluted Microposit 351 solution (Microposit 351/water 1:3) for 45 s and washed with pure water and blown dry. To study the effect of photolithography on SAMs, the substrate was then ultrasonically washed with acetone for 5 min to remove any photoresist and then rinsed with isopropanol and pure water.
The UV exposed parts of surface 3 are therefore identical to surface 4. Surface 4 was transferred into a "click" solution as described in Section 2.2 to produce surface 5.
Microcontact printing (µCP) for "click" chemistry. The master and PDMS stamps
were prepared following a previously reported protocol 49, 33 . The pattern of the PDMS stamp consisted of circular islands with a diameter of 40 µm and 30 µm gaps. Scheme 1c illustrates the process of "click" chemistry on surface 1 using µCP. The PDMS stamp was dipped in the "click" solution for 30 min. The soaked stamp was dried under nitrogen gas and placed onto the alkyne-terminated surface for 3 h at room temperature. The reaction was performed in a closed Petri dish with a moistened tissue. After removing the stamp, the unreacted reagent was removed by rinsing the substrate consecutively with copious amounts ethanol, water and ethanol. Then the sample was immersed in a 0.5 M hydrochloric acid solution for 2 min to remove the copper residue and rinsed with copious amounts water 44 . To characterize the "clicked" surface properly, a chemically homogeneous surface (surface 7) was also prepared using a flat PDMS stamp following the same procedure.
Scheme 1. (a) Modification of 1, 8-nonadiyne monolayers on SOS substrates (surface 1) and
attachment of azido-OEG-NH 2 using "click" chemistry (surface 2) (b) procedure for photolithography on surface 1 and "click" chemistry on the surface after photolithography: i) S1818 photoresist was spin-coated on surface 1; ii) S1818 coated substrate was exposed to UV light through a mask and then developed in diluted Microposit 351 solution; the mask used was either structured with stripes of 20 µm width (UV-blocked region) and 10 µm interspace (UV-exposed region) or as shown in Scheme S1b (Supporting Information); iii) the entire S1818 coated surface was exposed with UV light and then developed in diluted Microposit 351 solution; iv) samples were ultrasonically washed in acetone and isopropanol to remove the cured photoresist to obtain surfaces 3 and 4; v) azido-OEG-NH 2 was attached onto surface 4 via "click" chemistry (c) schematic illustration of the µCP chemistry: azido-OEG-NH 2 was printed on surface 1 and "click" reactions occurred exclusively in the contact area (surface 6: an array of chemical pattern, surface 7: a homogeneous surface functionalized with azido-OEG-NH 2 ). For ellipsometry and AFM measurements, the above surface modification was carried out on silicon substrates.
Surface characterization.
The water wettability of monolayer modified SOS samples were measured using a Drop Shape Analysis System (Krüss DSA100, Germany). 1 µL of ultrapure water was carefully deposited onto the surface and three spots were measured on each sample and averaged. The alkyne-terminated organic monolayers on non-oxidized silicon surfaces provide a chemical handle for further functionalization via CuAAC "click" chemistry. Due to the presence of OEG and amino moieties, the contact angle for the "clicked" surface (surface 2) decreased dramatically by ~51° (Table 1) , which is consistent with previously reported values44, 53. The ellipsometric result shows that after the "click" reaction, the thickness of the monolayer increased to ~16.0 Å, which is comparable to the thickness of 17. region (Figure 2b ) was fitted to two peaks at 400.6 eV and 402.2 eV, which were assigned to C-NH 2 /N-N=N, and N-N=N, respectively 44, [54] [55] . The ratio of the integrated areas (~2.4:1) is smaller than the stoichiometric ratio of 3:1 but is comparable to the literature result (~2.6:1) 44 .
The narrow scan from the C 1s region was deconvoluted into three peaks assigned to Si-C=C (284.3 eV), C−C (285.3 eV) and C−N/−O (287.1 eV) 44, 56 . Importantly, no SiO x species was observed in the Si 2p narrow scan, indicating that a high quality functionalized surface has been prepared (Figure 2d ). 
Photolithography on 1, 8-nonadiyne modified SOS/Si substrate.
To study the potential effects of photolithography on alkyne monolayers and the effect on "click" reactions, surfaces 3-5 were prepared as described in Scheme 1b. After photolithographic treatment, which involves spin-coating, UV-exposure, development and removal with acetone, the contact angle for surface 4 decreased by ~12° (see Table 1 ), indicating a change of the surface chemistry. AFM measurements showed an obvious trace of the pattern on surface 3
( Figure 3 ), indicative of a chemical reaction with compounds in the photoresist. The average height of the exposed layer, determined from the AFM topography, was ~4.7 Å, which is consistent with the ellipsometry thickness that shows an increase from 10.6 Å (surface 1) to 15.5 Å (surface 4) (see Table 1 ). The chemical modification of the surface was also LAPS has been validated to be a very sensitive technique to detect the properties of surfaces, such as the surface potential, with spatial resolution. Using a 405 nm laser and SAM modified SOS with a 1 µm thick silicon layer, a resolution of ~2.0 µm has been obtained 33 . Figure 4a shows the LAPS image of surface 3 measured at 0.55 V, which is identical to the photoresist pattern before its removal with acetone. At the chosen voltage, the photocurrent was slightly smaller on the UV-exposed region (dark strips shown in Figure 4a ) than on the non-exposed region. This corresponds to a more negatively charged surface on the area exposed to UV light. Whilst this is an empirical observation, we speculate that the negative charge may be due to two reasons: Firstly, as aromatic compounds readily participate in intramolecular π-π interactions with neighboring molecules, it is possible, that the indene carboxylic acid (4) has been absorbed onto the surface, resulting in a small negative surface charge in aqueous solution. Alternatively, the minor quantity of oxidized silicon shown by XPS to be formed after the photolithographic treatment (see Figure S2b , Supporting Information) could also contribute to the negative surface charge. Photocurrent curves for the areas on the UV-exposed region and off the UV-exposed region are shown in Figure 4b . The lower part of the photocurrent curve on the UV-exposed region shifted by +21 mV compared to the non-exposed region. The potential shift appearing only in the lower part of I-V curves can be explained by the incomplete coverage of the negatively charged species 33 .
In order to further investigate the nature of the chemistry between the photoresist intermediates and organic monolayers, the same surface treatments were performed on carboxylic acid-terminated and alkyl-terminated monolayers (Scheme S2a, Supporting Information). The detailed procedures for the undecylenic acid and 1-octadecene monolayer modifications on SOS have been described elsewhere 33 . AFM imaging for the surface modified with an undecylenic acid monolayer (surface 9, Supporting Information) showed an increase of surface height by ~6 Å for the UV-exposed region ( Figure S3 , Supporting Information), again indicating that the carboxylic acid also undergoes unwanted chemical modification. Figure 4c shows the LAPS image of this surface measured at 0.5 V, which revealed the photocurrent to be greater on the UV-exposed region (bright strips shown in Figure 4c ) than that from the unexposed area, which is the opposite of the result observed for the 1, 8-nonadiyne monolayer modified substrate. The corresponding photocurrent curves showed a shift by -64 mV for the surface exposed with UV light and may be due to the reaction of the carboxylic acid with the ketene, resulting in a less negatively charged surface.
In light of this, we decided to investigate the effect of the photoresist treatment on a saturated hydrocarbon monolayer, which ostensibly contains little chemically reactive functionality. In this case, we again observed a decreased photocurrent in the LAPS image of the UV-exposed areas following treatment with photoresist (see Figure 4e and f) and, as for the 1, 8-nonadiyne modified surface, a lower photocurrent indicated a more negatively charged surface in the exposed areas. As there is unlikely to be any reaction between the monolayer and 3 it would appear to indicate that carbene 4 has undergone C-H bond insertion 59 and that this results in a similar effect on the surface charge as observed for the alkyne-terminated monolayers. To check the effect of the photolithographic treatment on the efficacy of CuAAC "click" modification, surface 4 was subjected to standard "click" modification with azido-OEG-NH 2 to generate surface 5, which was characterized. Both the water contact angle and the ellipsometric thickness changed significantly (see Table 1 ), showing that "click" modification had occurred to some extent, but these differed significantly from the values seen for surface As a control, inks without azide were printed onto 1, 8-nonadiyne modified substrates using the procedure described in Scheme 1c. For the sample printed with a flat PDMS stamp, the contact angle showed no changes and ellipsometry showed an increase of 1 Å, which is within the error of ellipsometry. The sample contacted with a PDMS stamp structured with patterns showed no photocurrent contrast over the entire surface measured at depletion voltages.
Conclusion
We have demonstrated that µCP followed by "click" chemistry is a mild and efficient means for chemical patterning on oxide-free silicon or SOS surfaces whereas the combination of photolithography and "click" chemistry is not. As evidenced by XPS spectra, approximately 17% of SiO x monolayers were formed after photoresist processing on initially oxide-free 
